This study examines serum levels of 2,3,7,8-substituted chlorinated dioxins and furans, and PCBs for 375 Michigan workers with potential chlorophenol exposure, 37 Worker Referents, and 71 Community Referents. The chlorophenol workers were last exposed to trichlorophenol and/or pentachlorophenol 26-62 years ago. Employees working only in the trichlorophenol units had mean lipid-adjusted 2378-tetrachlorodibenzo-p-dioxin (TCDD) levels of 15.9 ppt compared with 6.5 ppt in the Worker Referents. Employees working only in the pentachlorophenol units had mean lipid-adjusted levels for 123478-H 6 CDD of 16.1 ppt, 123678-H 6 CDD of 150.6 ppt, 123789-H 6 CDD of 20.2 ppt, 1234678-H 7 CDD of 192.6 ppt, and OCDD of 2,594.0 ppt compared with the Worker Referent levels for the same congeners of 7.5, 74.7, 8.6, 68.7, and 509.1 ppt, respectively. All furan and PCB levels among workers in the trichlorophenol and/or pentachlorophenol departments were similar to the Worker Referents. The Tradesmen who worked throughout the plant had dioxin congener profiles consistent with both trichlorophenol and pentachlorophenol exposures. PCB levels and levels of 23478-P 5 CDF, 123478-H 6 CDF, and 123678-H 6 CDF were also greater in these Tradesmen than in the Worker Referents. The Worker Referent group had higher levels of dioxins and furans than the Community Referents indicating the potential for exposure outside the chlorophenol departments at the site. Distinct patterns of dioxin congeners were found many years after exposure among workers with different chlorophenol exposures. Furthermore, past trichlorophenol exposures were readily distinguishable from past pentachlorophenol exposures based on serum dioxin evaluations among workers. These data can be used to better assess dioxin exposures in future health studies.
Introduction
Production of 2,4,5-trichlorophenol (TCP) and pentachlorophenol (PCP) may produce polychlorinated dibenzo-p-dioxins and dibenzofurans contaminants. Studies of workers in TCP production report 2,3,7,8-tetrachlorodibenzo-p-dioxin (2378-TCDD) serum levels above background; some of these studies also report elevated 12378-P 5 CDD serum levels (Nygren et al., 1988; Beck et al., 1989; Papke et al., 1992; Piacitelli et al., 1992; Smith et al., 1992; Ott et al., 1993; Littorin et al., 1994; Flesch-Janys et al., 1996; Heederik et al., 1998; Ryan et al., 2000) . Workers exposed to PCP often have 123478-H 6 CDD, 123678-H 6 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, and OCDD serum levels above background with some studies also reporting higher 12378-P 5 CDD, 123478-H 6 CDF, and 1234678-H 7 CDF serum levels. (Ryan et al., 1987; Papke et al., 1992; Littorin et al., 1994; Schecter et al., 1994; Flesch-Janys et al., 1996; Schecter et al., 1996; Coenraads et al., 1999) .
We examined serum dioxin, furan, and PCB levels among former workers in production of TCP and PCP, and compared these levels with workers at the same plant without potential for TCP and PCP workplace exposures. The chlorophenol workers have been studied previously for health effects (Townsend et al., 1982; Bond et al., 1983 Bond et al., , 1989 Bodner et al., 2003) . This study provides a rare opportunity to compare dioxin body levels of a large group of chlorophenol workers with persons who were not exposed. We will also examine dioxin and furan profiles from TCP or PCP exposures. Finally, specific dioxin and furan blood concentration data have been recently provided that allow us to compare our TCP and PCP workers to a community population in the area.
Methods
Production of TCP occurred from 1942 to 1979 and PCP from 1937 to 1980 Table 1 ). The total number of workers assigned to either TCP or PCP operations was 2192. On 31 December 2003, the last day of vital status follow-up, 1251 of these workers were presumed living, and addresses were available for 1250 workers. We limited the eligibility to the 943 workers who lived within 50 miles of the Dow Medical Clinic to collect all blood samples at a single facility. As our ultimate goal was to estimate exposures for all 2192 workers in the original study, we selected workers for serum dioxin evaluation based on their jobs in chlorophenol departments.
Jobs in chlorophenol departments with the same exposure potential were classified into similar exposure groups (SEGs) as developed previously (Ott et al., 1987) . Each exposed worker was assigned to the SEG in which they worked the longest and workers were randomly selected based on SEGs. Among exposed workers, there were 21 different SEGs. The sum of total number of workers in each SEGs in Table 1 is greater than the total number of chlorophenol workers because some workers spent time in more than one SEG. Chlorophenol workers would have been exposed to TCP in the first seven production areas listed in Table 1 and PCP in pentachlorophenol production and use area.
We collected blood in two phases. The first phase has been reported (Collins et al., 2006) . We used the results of the first phase to determine minimum sample size for the second phase. We estimated that nine workers in a SEG would be required to find a significant difference (P ¼ 0.05) based on a doubling of the mean of the worker referent group. Assuming a 50% response rate, we attempted to select 18 workers in each SEG, but not all SEGs had 18 workers available. This sampling frame was chosen so that the data from the two serum studies could be used for exposure assessment in future studies examining the impact of dioxin levels on health effects.
In the first phase, which was conducted from September to October of 2004, blood from 98 workers was collected (Collins et al., 2006) . In this study, we recruited an additional 314 workers at the same site and collected blood from September to November of 2005. Both the previous study and the current study used the same serum collection protocol and the same laboratory. The participation rate for the chlorophenol workers from the combined surveys was 82% (365 of 445). The chlorophenol worker participants were similar in age (65.5-64.6 years), and percent white race percent (95-96%) to the chlorophenol non-participants who were alive. However, participants tended to work longer at the plant (28.3-22.1 years). The deceased chlorophenol workers were born earlier on an average than the blood study participants , average year of birth) but did not work as long at the plant (21.7-28.3 years). There were only five women chlorophenol workers. One had died, but three of the remaining four participated in the blood study. We also asked workers who were at the plant during chlorophenol production but who were not assigned to the chlorophenol departments to participate in the study. The participation rate among these workers was 75% (47 of 63).
Participants were instructed to eat a low-fat meal on the day the blood was drawn. Approximately 80 ml of blood was collected in vacutainer tubes without anticoagulant or serum separator. Whole blood was allowed to clot for at least 20 min and then centrifuged for 15 min at 2500 r.p.m. The Table 1 . Estimated number of workers assigned to production areas, number of similar exposure group jobs, number of workers assigned to the area, and workers in the study. We shipped the serum samples to Alta Analytical Laboratory (El Dorado Hills, CA, USA). The analytical procedure measured levels of the seven 2378-substituted dioxins (2378-TCDD, 12378-P 5 CDD, 123478-H 6 CDD, 123678-H 6 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, and OCDD), the 10 2378-substituted furans (2378-TCDF, 12378-P 5 CDF, 23478-P 5 CDF, 123478-H 6 CDF, 123678-H 6 CDF, 234678-H 6 CDF, 123789-H 6 CDF, 1234678-H 7 CDF, 1234789-H 7 CDF, and OCDF), and four nonortho-substituted PCBs (PCB77, PCB81, PCB126, and PCB169). The laboratory used high-resolution gas chromatography/mass spectrometry to determine the levels for 2378-substituted dioxins and furans following the CDC protocol (without using the FMS system) using the EPA Method 8290 (Tondeur et al., 1994) for PCDD/F and Method 1668 for PCB measurement. Alta Laboratory is certified for dioxin and furan analysis in various environmental matrices and is frequently checked with quality control samples. The samples were analyzed in batches of 20 samples or less and included a method blank and an ongoing precision and recovery sample. Furthermore a pooled sample was analyzed with each batch and recorded in a control chart. The reproducibility of split serum samples for this study has been described previously (Collins et al., 2006) . When levels were below the limit of detection (LoD), we assumed the serum value was equal to LoD/ ffiffi ffi 2 p (Hornung et al., 1990) . All results were lipidadjusted. The lipid determination followed the procedure used by the Centers for Disease Control and Prevention (Phillips et al., 1989) .
For the current report, all 375 exposed workers were classified into one of four exposure groups: chlorophenol workers with only TCP exposures (237 workers), chlorophenol workers with only PCP exposure (85 workers), chlorophenol workers with both TCP and PCP exposures (43 workers), and Tradesmen who had plant-wide exposures (10 workers). There were 37 plant workers with no indication of occupational chlorophenol exposure from their work histories. We subsequently refer to these 37 workers as the Worker Referent.
Data on a residential population were available from a community exposure study done by the University of Michigan and accessible on the Internet (www.sph.umich. edu/dioxin/pdf/bds_blooddata.pdf). This referent group of 71 Michigan residents, aged 60 years and older, lived approximately 120 miles south of the plant in Jackson and Calhoun counties. These residents were part of a larger community exposure study, which measured dioxins, furans, and PCBs in serum. This study also collected 80 ml of blood during the same time period as our study, and the serums were analyzed at the same laboratory using a similar protocol. We refer to these six groups as TCP-only, PCP-only, PCP, and TCP, Tradesmen, and the Worker Referents and Community Referents.
We calculated mean and median serum dioxin, furan, and PCB levels, and the 75% and 95% quantiles for each group of workers mentioned above and the total toxic equivalency (TEQ) using the 1998 and 2006 TEQ factors (Wolfe et al., 1994; Van den Berg et al., 1998 . We also calculated the percentage of each dioxin congener to total TEQ of dioxins and furans among TCP-or PCP-only workers who were above background dioxin levels. We define background for the TCP-only workers as less than the 75th percentile for the Worker Referent for 2378-TCDD and for the PCP-only workers as less than the 75th percentile for the referent group for 123678-H 6 CDD, which we consider a marker for PCP exposures. Each group of exposed workers was compared with the Worker and Community Referents for both the mean levels of dioxins, furans, and PCBs. We also examine TCP-only, the PCP-only, and the worker referents for the percentages of dioxins contributing to the TEQ by using a Student's t-test to determine dioxin patterns. We used SAS for all analyses (SAS Institute Inc, 1999).
Results
As shown in Table 2 , dioxin congener concentrations were above the level of detection for most of the exposed and referent workers, whereas many of the furans congeners were below the LoD. More than half of the exposed and referent workers had levels below detection for 2378-TCDF, 12378-P 5 CDF, 123789-H 6 CDF, 1234789-H 7 CDF, and OCDF. 234678-H 6 CDF and PCB81 were also below the limits of detection for many of the exposed and unexposed workers. The average LoD for 2378-TCDD was 0.9 ppt and for 123789-H 6 CDD was 3.6 ppt. Table 3 presents the lipid-adjusted dioxin, furan, and PCB levels for the four exposed groups and the two referent groups. While we calculated TEQs for both the 1998 and the 2005 assessments, both TEQs were very similar. We will use only the TEQ for 2005 in the remaining discussion.
The Worker Reference group worked on average 295 months at the plant and by definition had not been assigned to the chlorophenol units. The levels of 2378-TCDD levels among this referent group are significantly higher than the community exposure group but are within the range which would be considered background levels for the general population albeit at the upper end (Wittsiepe et al., 2000; Orloff et al., 2001; Patterson et al., 2004 Patterson et al., , 2005 Needham et al., 2005; Ferriby et al., 2006) . The mean level of 2378-TCDD in the Worker Reference group is influenced by three workers with levels between 20 and 30 ppt. The 12378-P 5 CDD and 1234678-H 7 CDD were also higher in the Worker Referents than in the Community Referents. Two of the Worker Referents also had levels of 1234678-H 7 CDD, which exceeded the upper 95% quantile of the Community Referent group (150 ppt). The remaining hepta-, the hexa-and the octa-dioxins were also high in these two workers. It is possible that these workers may have received exposure to TCP and/or PCP during these jobs, although we have no evidence that this occurred from their work records. The Worker Referents also had significantly higher 234678H6CDF and 1234678H7CDF levels but the differences in the means were small.
The 237 workers in the TCP-only group worked an average 324 months at the plant with 26 months in the TCP unit, and their year of last exposures to TCP ranged from 1943 to 1978. These participants had significantly higher 2378-TCDD, 123678-H 6 CDF, and the total TEQ levels compared with both referent groups. Although the two furans were significantly higher than the referent groups, the absolute differences were small and could be attributed to chance. Also, all the levels for 123789-H 6 CDF were below the LoD making it difficult to interpret this difference across groups. The remaining dioxins, furans, and PCBs were similar to the referent group among the TCP-only workers. However, several dioxins and furans were significantly higher in the TCP-only group compared with the Community Referents.
The 85 workers in the PCP-only group worked at the plant an average of 289 months with 32 months in the PCP unit. Their year of last exposures to PCP ranged from 1943 to 1979. These workers had levels of 123478-H 6 CDD, 123678-H 6 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, OCDD, 123678-H 6 CDF, and total TEQ levels that were significantly higher than both the referent groups. The 2378-TCDD, 12378-P 5 CDD, 234678H 6 CDF, and 1234678-H 7 CDF levels were significantly higher than the community referent. All PCB levels among the PCP-only workers were similar to the referent groups.
The 43 workers with both PCP and TCP exposures worked at the plant an average of 361 months and worked in these units for 46 months. Their years of last exposure either to PCP or TCP ranged from 1947 to 1975. These workers had significantly higher 123478-H 6 CDD, 123678-H 6 CDD, OCDD, and total TEQ levels than both comparison groups, whereas the 2378-TCDD, 12378-P 5 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, 123678-H 6 CDF, 234678-H 6 CDF, and 1234678-H 7 CDF were only higher than the community referents. The total TEQ-WHO 2005 value for this group was higher (65.2 ppt) than either the TCP-only workers (51.3 ppt) or the PCP-only workers (56.7 ppt). Workers with both TCP and PCP exposures also had higher average months exposed than either the TCP-only or PCP-only group. The PCBs levels were similar to both referent groups.
The 10 tradesmen had the longest average time worked at the plant, 401 months. The levels of 12378-P 5 CDD, 123478-H 6 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, 23478-P 5 CDF, 123478-H 6 CDF, 123678-H 6 CDF, PCB169, and TEQ levels among these workers were significantly higher than both referent groups. The levels of 2378-TCDD, 123678-H 6 CDD, OCDD, 234678-H 6 CDF, and 1234678-H 7 CDF were significantly higher than the Community Referent. The average total TEQ levels for Tradesmen were the highest of all exposed groups, 89.6 ppt. Table 4 presents the percentage of the dioxin congener for the sum of the dioxins for those 113 TCP-only workers who had 2378-TCDD above 8.2 ppt, for those 46 PCP-only workers with 123678-H 6 CDD above 96.2 ppt, and for the 37 referent workers. The 2378-TCDD congener is the largest percentage contributor among the trichlorophenol workers to the total TEQ is 32.6% compared with just 15% among the Worker Referent group. All other percentages for the congener contribution to the total TEQ for these workers are at or below the percentages for the referent group.
The 46 PCP-only workers had levels of 123478-H 6 CDD, 123678-H 6 CDD, 123789-H 6 CDD, 1234678-H 7 CDD, and OCCD that are significantly greater than the Worker Reference group. These five congeners make up 38% of the total TEQ among the PCP-only workers compared with 27% in the Worker Reference group. All remaining congener percentages for the PCP-only workers were at or below those percentages for the Worker Reference group. 
Discussion
In 2004, we examined the serum dioxin levels of 98 workers at a Michigan plant with chlorophenol units, and in 2005 we examined an additional 314 workers. The combined evaluation of 375 exposed workers and 37 referents makes this serum dioxin evaluation the largest ever done on an industrial group of chlorophenol workers as shown in Table 5 . We found dioxin levels above background among workers with last exposures more than 60 years ago. Even with this long period of time since last exposure, we found distinct ''fingerprints'' for TCP and PCP workers. TCP workers have increased levels of 2378-TCDD. This finding is consistent with several other studies (Nygren et al., 1988; Beck et al., 1989; Papke et al., 1992; Piacitelli et al., 1992; Smith et al., 1992; Ott et al., 1993; Littorin et al., 1994; Flesch-Janys et al., 1996; Heederik et al., 1998; Ryan et al., 2000) . Some studies on persons with TCP exposure report higher 12378-P 5 CDD levels. Although we did find average 12378-P 5 CDD levels slightly higher in our TCP workers than in the worker referents, but the difference is small and does not contribute significantly to the overall TEQ for these workers. 23478-P5CDF 9.3 (8.7,11.6,15.6) 9.6 (7.5,11.4,24.8) 10.6 (9.3,14.1,21.1)** 10.1 (9.4,12.7,17.3) 10.4 (10.0,12.8,20.0) 15.2 (16.9,19.9,22.5)* , ** 123478-H 6 CDF 8.3 (7.5,10.1,14.6) 7.8 (7.4,10.0,13.7) 8.3 (7.5,10.4,15.5) 9.6 (8.4,11.3,20.8)* 9.0 (7.8,10.3,19.6) 13.7 (14.1,18.9,28.1)* , ** 123678-H 6 CDF 8.1 (7.6,10.2,13.4) 7.5 (7.0,9.6,15.6) 9.9 (8.5,12.1,21.7)* , ** 10.1 (9.5,12.2,19.9)* , ** 9.6 (7.5,11.0,19.7)** 12.0 (12.8,15.6,20.0)* , ** 234678-H6CDF 1.1 (0.8,1.3,2.8) 1.6 (1.5,2.5,4.0)** 1.6 (1.3,2.0,3.9)** 1.8 (1.6,2.4,4.8)** 1.9 (1.7,2.7,4.9)** 1.9 (1.1,2.9,5.7)** 123789-H 6 CDF 0.9 (0.8,1.1,1.7) 0.5 (0.3,0.4,2.0) 0.8 (0.7,1.1,1.9)* 0.7 (0.6,1.0,1.6) 0.8 (0.6,1.0,1.4) 0.6 (0.6,0.7,1.0)
1234678-H 7 CDF 8.1 (7.6,8.8,15.4) 11.1 (9.7,13.4,22.7)** 10.9 (8. NA 1943 NA -1978 NA 1943 NA -1979 NA 1947 NA -1975 Unknown** *Significance o0.05 one-tailed test based on a Student's t-test comparing exposed workers to the reference workers. **Significance o0.05 one-tailed test based on Student's t-test comparing workers to community reference. While tradesmen were not formally assigned to chlorophenol units, they had plant-wide responsibilities which may have taken them into chlorophenol units. c TEQ calculation includes the 2,3,7,8-substituted dioxins and furans and the four non-ortho substituted PCBs. NA, not applicable.
PCP workers have higher levels of the hexa-, the hepta-, and the octachloro-dioxins than the referent group, and this finding is consistent with other serum studies of PCP workers (Ryan et al., 1987; Papke et al., 1992; Littorin et al., 1994; Schecter et al., 1994 Schecter et al., , 1996 Flesch-Janys et al., 1996; Coenraads et al., 1999) . 12378-P 5 CDD is slightly higher among the PCP-only workers and the workers with both TCP and PCP exposures. However, the differences are small and, at least among the PCP-only workers, do not contribute significantly to the total TEQ levels (Hagenmaier and Brunner, 1987 ) Levels of furan contaminants have been reported in samples of commercial pentachlorophenol (Rappe et al., 1978; Masunaga et al., 2001) . However, these furans have only been reported infrequently among pentachlorophenol workers. We find no evidence of an increase in furan levels among our pentachlorophenol workers.
Another group of exposed workers in our study are the Tradesmen. These workers had the congener profiles of both the TCP and PCP workers with high levels of 2378-TCDD and the higher chlorinated dioxins. However, Tradesmen also had two additional distinct profiles not seen in the other chlorophenol-exposed workers in our study. The first is PCB levels above the referent groups including PCB169 and to some extent PCB126. Because these Tradesmen worked with equipment throughout the plant, exposure to workplace PCBs seems possible, although other occupational exposures from previous or subsequent employment cannot be ruled out. The second finding is the high levels of 23478-P 5 CDF and two of the hexachlorofurans, 123478-H 6 CDF and 123678-H 6 CDF. We see three possible explanations for these findings. The serum furans in the Tradesmen could be the result of PCP exposures since furans are potential contaminants in PCP (Hagenmaier and Brunner, 1987; Masunaga et al., 2001 ). However, we do not see this furan profile in our PCP workers at this plant. Second, the pattern of elevated penta-and the two hexa-chlorofurans could be the result of other exposures such as chloralkali (Svensson et al., 1993; Hansson et al., 1997) . A third possible explanation for the high furan levels in the Tradesmen could be their exposures to PCBs. The relatively high levels of the furans observed in the Tradesmen could be a result of exposure to chloro-furans that are common byproducts in commercial PCB mixtures and could also be formed as a breakdown products from heating PCBs during use or the accidental failure of a capacitor or a transformer (Hagenmaier and Brunner, 1987; Luotamo et al., 1993) . The lack of serum analysis for some of the other PCB congeners such as PCB-153 makes it difficult to determine if the Tradesmen experienced an exposure unique to PCBs.
Our workers with no chlorophenol work assignments had some dioxin and furan levels greater than the community comparison group. The non-chlorophenol workers had dioxin fingerprints indicative of TCP and possibly PCP exposures. Likewise the Tradesmen also had dioxin fingerprints consistent with TCP and PCP exposures. In a previous epidemiology study, we used an internal comparison population for estimating relative risks of cancer from dioxin exposures (Bodner et al., 2003) . The inclusion of the nonchlorophenol workers and the Tradesmen in the unexposed category of the internal comparison group contributed to some exposure misclassification. However, our previous health study also employed the US population as an external comparison group, and we found similar patterns of risk with both comparison groups. The lack of differences between the internal and external comparison analyzes in this previous health study indicates that the exposure misclassification did not significantly impact the risk estimates. Nonetheless, future health studies should consider serum dioxin evaluation of the internal comparison group if one is employed.
Even though serum dioxin, furan, and PCBs were measured many years after exposure, we found distinct patterns of dioxin congeners among workers with different chlorophenol exposures, and we were effectively able to distinguish TCP workers from PCP workers among those with serum dioxin levels above background. These dioxin fingerprints have been useful for distinguishing exposed persons from background and determining the source or sources of exposures for dioxins, furans, and PCBs (Ryan et al., 1987; Schecter et al., 1994; Iida et al., 1999; Orloff et al., 2001; Donato et al., 2006) . In examining these fingerprints, we find some evidence of higher pentachlorodioxin levels in both TCP and PCP workers although the contribution to the overall TEQ was quite small. The serum dioxin fingerprints observed in this study will be useful for future epidemiology studies of these workers to better determine past exposure levels that are used in exposureresponse analyses. This study provides guidance on how to better construct internal comparison groups for these epidemiology studies of chlorophenol workers. This study also confirms that these chlorophenol workers had dioxin levels well above background many years after workplace exposures had ended, and provides justification for studying these workers for the potential health effects from industrial dioxin exposures.
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